The separation of enantiomers and diastereomers of 8 commonly used pesticides was investigated by liquid chromatography (LC) using a Chiralcel OD column (cellulose tris-3,5-dimethylphenylcarbamate as the chiral stationary phase) and a Pirkle-type Chirex 3020 column (urea derivative from the reaction of (R)-1-(a-naphthyl)ethylamine with (S)-tert-leucine, chemically bonded to 3-aminopropylsilanized silica as the chiral stationary phase). The pesticides studied included one organophosphorus insecticide (phenthoate), 3 triazole fungicides (uniconazole, diniconazole, and propiconazole), and 4 pyrethroids (fenpropathrin, b-cypermethrin, b-cyfluthrin, and a-fenvalerate). The enantiomers were separated within 20 min with a resolution of ³1.5 using a mixture of n-hexane and 2-propanol as the mobile phase for all the pesticides studied except propiconazole, for which only the 2 diastereomers were baseline separated. This method allows determination of the enantiomers or stereoisomers of the above pesticides in soil. The strategy was as follows: (1) First, the total concentration(s) of the enantiomer pair(s) of a chiral pesticide in soil was (were) determined by a newly developed matrix solid-phase dispersion (MSPD) procedure, followed by silica-based LC quantification. The recoveries ranged from 76.5 to 93.6% with relative standard deviations of 6.0%. (2) Second, the enantiomeric ratio(s) (ER(s)) of the chiral pesticide was (were) determined by LC with a chiral stationary phase after fractionation of the MSPD extract by silica-based LC. The determined ERs or stereoisomeric ratio(s) (SR(s); for propiconazole, only the SR of the 2 diastereomers was determined) in soil samples spiked with the above 8 racemic pesticides agreed with those of the corresponding standard solutions. (3) Third, based on the total concentrations and the corresponding ERs, the concentration of each enantiomer in soil was calculated. The proposed method is rapid, precise, and sensitive, and is appropriate for the investigation of the stereo-and enantioselective degradation of pesticides in environmental media.
M
any pesticides are chiral, and the individual enantiomers often show different biological activities (1, 2) . Examples are found among the organophosphorus insecticides, the triazole fungicides, and the synthetic pyrethroids, many of which have up to 8 stereoisomers. In spite of the fact that main biological activities or toxicities are associated with only one or a few enantiomers, most of these pesticides have been produced and used as racemates, which cause excessive contamination and pollution in the environment. In biological processes, including the metabolic breakdown and elimination of chiral pollutants, stereo-and enantioselectivity are the rule and not the exception. Thus, it is very important to assess the environmental impact of chiral pesticides in a stereo/enantiomeric way.
Although the biological activities of chiral pesticide stereoisomers have been occasionally described, the differences in side effects and the fate and dynamics in the environment have found little attention. One reason is the lack of suitable analytical techniques to determine pesticide residues in a stereo/enantiomeric way. The analysis of chiral compounds in various environmental media may provide valuable insight about how the different enantiomers are accumulated, degraded, and translocated within ecological chains (3) (4) (5) .
Enantioselective chromatography opens up a new dimension in environmental analysis in differentiating between enantiomers of bioactive compounds (3) (4) (5) (6) (7) (8) (9) . In comparison with gas chromatography (GC), liquid chromatography (LC) is a technique in which there is little risk of enantiomerization during analysis; this advantage makes LC more suitable for enantioselective analysis of pollutants in environmental media. In this paper, we discuss the enantiomeric or isomeric separation of 8 widely used pesticides by chiral LC, and we further describe a method to determine the enantiomers or stereoisomers of these pesticides in soil by achiral and chiral LC in combination with matrix solid-phase dispersion (MSPD).
The 8 chiral pesticides investigated in this paper represent 3 main types of pesticides that are widely used. They include one organophosphorus insecticide (phenthoate), 3 triazole fungicides (uniconazole, diniconazole, and propiconazole), and 4 pyrethoids (fenpropathrin, b-cypermethrin, b-cyfluthrin, and a-fenvalerate). The chemical structures of these pesticides are shown in Figure 1 . Phenthoate, fenpropathrin, uniconazole, and diniconazole have one chiral center (denoted by an asterisk) and therefore have a pair of enantiomers. Fenvalerate and propiconazole have 2 chiral centers and therefore have 4 stereoisomers. a-Fenvalerate has 2 trans stereoisomers (RS/SR). Cypermethrin and cyfluthrin both have 2 stereogenic centers and a chiral alcohol component, and thus have 8 stereoisomers. b-Cypermethrin and b-cyfluthrin each have 4 active stereoisomers that are shown in Table 1 .
A soil sample was spiked with the above-mentioned pesticides to investigate the applicability of chiral LC to the study of the environmental behavior of each enantiomer or stereoisomer. To simplify the tedious extraction procedure, a newly developed MSPD technique (10, 11) was applied. The MSPD procedure involves blending of the sample with a solid support, followed by washing and elution with a certain amount of solvent to extract a wide range of compounds. In MSPD, extraction and cleanup are carried out in a single step, which can avoid the general drawbacks of other traditional methods, such as the use of large amounts of solvent and glassware, laborious extraction procedures, and the occurrence of troublesome emulsions. MSPD has been widely used for extraction of pollutants from vegetables and biological samples (10) (11) (12) (13) (14) . In this study, its suitability for soil samples was studied in detail. The MSPD extract from soil was directly injected into the liquid chromatograph for determination of the total concentration of each enantiomeric pair of the pesticides.
Before chiral analysis, the remainder of the MSPD extract of the soil was further fractionated on an LC silica gel column. Each fraction containing each enantiomeric pair was then resolved by using chiral LC to determine the respective enantiomeric ratios (ERs), almost without any interference. By combining MSPD with achiral and chiral LC, the stereoand enantioselective determination of 8 pesticides in soil was accomplished with high precision and sensitivity.
Experimental

Reagents
(a) Standards.-Racemic phenthoate (98%) was purchased from Bayer Co. (Monheim, Germany). Racemic b-cypermethrin (97%, with a cis/trans ratio of 1:1), b-cyfluthrin (98%, with a cis/trans ratio of 27:73), and a-fenvalerate (98%) and other racemic pesticide standards (uniconazole, diniconazole, propiconazole, and fenpropathrin) with purity of >98% were kindly donated by our laboratory from a synthetic group of chemicals; in addition, racemic cis-cypermethrin (>97%) standard and a commercial cyfluthrin (>91%) were also obtained from the same group.
(b) Solvents.-n-Hexane, ethyl acetate, and 2-propanol were all analytical grade; each was redistilled and filtered through a 0.45 mm filter before use.
(c) Anhydrous sodium sulfate.-Analytical grade, heated at 400°C before use.
(d) Florisil.-60-100 mesh (Fluka Chemical Corp., Milwaukee, WI); activated at 650°C for 3 h before use.
(e) Standard stock and working solutions.-Standard stock solutions of the pesticides were prepared in acetone at 1.00 mg/mL. Standard working solutions were prepared by dilution of aliquots of the standard stock solutions in n-hexane to 10.0-40.0 mg/mL for chiral LC study and to 20.0 mg/mL for soil fortification. Five calibration solutions of each pesticide were prepared at 1.00-10.0 mg/mL.
(f) Soil.-A sandy loam collected from north China, with the following properties: organic matter, 0.717%; pH 8.2; sand, 34%; clay, 26%; and silt, 40%. The soil was air-dried and sieved through a 20-mesh screen before use. . Throughout the quantitative analysis and chiral determination, a flow rate of 1.0 mL/min was maintained, 20 mL sample solution was injected, and the UV detector was set at 230 nm.
(b) Quantitative LC analysis.-The quantitative analytical column was silica gel, 250´4.6 mm id, 5 mm particle size (Dalian Elite Co. Ltd., Dalian, China). The various mobile phases used for quantitative analysis were n-hexane-2-propanol (100 + 0.1, v/v) for phenthoate; n-hexane-2-propanol (100 + 6, v/v) for the 3 triazole fungicides; and n-hexane-2-propanol (100 + 0.06, v/v) for the 4 pyrethroid insecticides. The pesticides were quantified by using the external standard method. Replicate injections (n = 3) were used for the measurements.
(c) Chiral LC analysis.-The following 2 chiral columns were used: a Chiralcel OD column (cellulose tris-3,5-dimethylphenylcarbamate as the chiral stationary phase [CSP]) , 250´4.6 mm id, 10 mm particle size (Daicel Chemical Industries Ltd., Osaka, Japan) and a Pirkle-type Chirex 3020 column (urea derivative from the reaction of (R)-1-(a-naphthyl) ethylamine with (S)-tert-leucine, chemically bonded to 3-aminopropylsilanized silica as the CSP), 250´4.6 mm id, 10 mm particle size (Phenomenex Inc., Torrance, CA). The optimal proportions of n-hexane and 2-propanol in the mobile phase were investigated for optimal chiral separation. The resolution (Rs) of enantiomers/isomers was calculated by using the following equation:
where Dt is the difference in migration times and W is the peak width at the peak base of the 2 enantiomers (stereoisomers).
Fortification and MSPD Extraction of Soil Samples, and Quantitative LC Analysis
A 4.00 g portion of soil (in quadruplicate) was placed in a mortar and fortified with 200 mL pesticide standard working solution to give an application rate equivalent to ca 1.00 mg/g. After thorough mixing, the fortified soil samples were allowed to stand for 1 h, and then 3 mL water and 6 g Florisil were added. The complex was then gently blended for 10 min with a glass pestle to obtain a homogeneous mixture. This mixture was introduced into a 30´1.5 cm id glass chromatographic column containing a coarse fritted disk and a 2.0 cm layer of anhydrous sodium sulfate. A final 1.0 cm layer of anhydrous sodium sulfate was placed on the top of the column. The dispersion was lightly tapped. A 30 mL portion of n-hexane-ethyl acetate (7 + 1, v/v) for phenthoate, fenpropathrin, b-cypermethrin, b-cyfluthrin, and a-fenvalerate or n-hexane-ethyl acetate (1 + 3, v/v) for uniconazole, diniconazole, and propiconazole was added to the column, and the solvent was allowed to elute dropwise by gravity. The entire elution process took ca 45 min. The initial 15 mL eluate was collected in a graduated tube. The eluate was carefully blown to dryness with a gentle nitrogen stream in a water bath at 50°C and the residue was dissolved in 1.0 mL of the corresponding LC mobile phase. The sample solution was then analyzed by quanti- tative LC for determination of the total concentration of pesticide enantiomers.
Isolation by LC and Chiral LC Analysis
For the chiral analysis of the pesticides in soil, an isolation step was performed. After quantitative analysis, the remainder of the sample solution was blown to dryness under a gentle nitrogen stream, and the residue was dissolved in a little more than 20 mL n-hexane. The sample solution was injected into the liquid chromatograph to isolate the pesticide by LC under the same chromatographic conditions as used in the quantitative analysis. The fraction of the column eluate corresponding to the UV response of each pesticide was collected and was also blown to dryness under a gentle flow of nitrogen; 200 mL of the corresponding chiral LC mobile phase (Table 2) was then added to dissolve the pesticide, and the solution was injected into the liquid chromatograph for chiral LC analysis. The ER or stereoisomeric ratio (SR) value is defined as follows:
ER (SR) = P 1 /P 2 where P 1 and P 2 are the peak areas of the earlier-and later-enantiomers or isomers, respectively.
Safety consideration: Caution must be exercised during the analysis because the chemicals represent standard risk. It is recommended that the MSPD extraction be performed in a fume hood.
Results and Discussion
LC Chiral Separation
The separation of the enantiomers and diastereomers of the 8 pesticides was investigated by LC on 2 chiral columns (Chiralcel OD and Chirex 3020). The enantio-/isomer separation was significantly sensitive to the concentration of the polar modifier in the mobile phase. In general, a decrease in the amount of 2-propanol in the mobile phase improved enantio-/isomer selectivity, but also caused longer retention times and wider peaks. For example, when the mobile phase n-hexane-2-propanol changed from (100 + 4, v/v) to (100 + 2, v/v), the retention times of the uniconazole enantiomers changed from 11.3 and 12.6 min to 22.7 and 30.6 min, respectively. Because of the large quantities of environmental samples, a shorter retention time was preferred if baseline separation could be achieved. Thus, the mobile phase composition was optimized with a compromise between effective separation and retention time. Table 2 shows the optimized chromatographic conditions for each of the 8 pesticides and the corresponding migration times and Rs values of the enantiomers or diastereomers.
Phenthoate is an important organophosphorus insecticide widely used throughout the world. Ohkawa et al. (15) have reported that the (+)-form of phenthoate has more toxicity for most organisms than does the (-)-form. In the present study, the 2 enantiomers were completely separated on the Chiralcel OD column with n-hexane-2-propanol (100 + 0.8, v/v) as the mobile phase. This method will be useful in evaluating the relative amounts of the (+)-form and (-)-form of phenthoate in environmental samples and in estimating the exposure risk.
Uniconazole and diniconazole have shown fungicidal and plant growth-regulating activities. For each of the 2 pesticides, the R-enantiomer demonstrates the stronger fungicidal activity, whereas the S-enantiomer is more active with regard to plant growth-regulating activity (16, 17) . The enantiomers of these 2 pesticides were baseline separated on the Chirex 3020 column with a mobile phase of n-hexane-2-propanol (100 + 4). In the case of propiconazole, only the 2 diastereomers were baseline separated on the Chirex 3020 column with a mobile phase of n-hexane-2-propanol (100 + 2, v/v), giving a constituent ratio of 3:4. On a silica gel column, propiconazole was also separated into 2 peaks with a constituent ratio of 3:4. In other words, no further enantioselective improvement was obtained for propiconazole on the Chirex 3020 column, compared with the separation on an achiral silica gel column.
Pyrethroids are synthetic analogues of natural pyrethrins and are used as insecticides in agriculture and forestry as well as in public health hygiene. The individual isomers of pyrethroid insecticides differ widely in biological activity (18) . Several researchers have investigated the chiral resolution of synthetic pyrethroid insecticides by LC (19, 20) or by capillary electrophoresis (6) . Separation of the 8 stereoisomers of cypermethrin into 6 peaks on a Chiralcel OD column has been reported (20) . In our study, the 4 stereoisomers of b-cypermethrin were baseline resolved by using the same chiral column (Figure 2a) . The first and third peaks were assigned to the cis form, and the other 2 to the trans form, by injecting the cis-b-cypermethrin standard solution. The pyrethroid insecticide cyfluthrin has a configuration similar to that of cypermethrin, except that there is a fluorine atom in the molecule. The enantiomeric resolution of this pesticide on the Chiralcel OD column is shown in the chromatogram in Figure 3 . The chromatogram shows that the 8 stereoisomers were separated into 7 peaks with n-hexane-2-propanol (100 + 1, v/v) as the mobile phase. Complete separation could not be achieved by decreasing the volume proportion of 2-propanol. For b-cyfluthrin, the 4 enantiomers were completely separated with n-hexane-2-propanol (100 + 2, v/v) as the mobile phase (Figure 2b ). The first 2 smaller peaks were assigned to the cis form and the latter 2 larger peaks to the trans form by comparison with the composition of the standard (27:73, cis:trans). Unfortunately, for b-cypermethrin and b-cyfluthrin, the enantiomeric identity of each peak could not be determined in this study. It should be noted that the elution order of the cis and trans forms was different for the 2 compounds (Figure 2) , although there are only small differences in molecular configuration. Thus, it can be assumed that the fluorine atom plays a key role in modulating the analyte-CSP interaction. The effect of the fluorine atom needs further clarification. For fenpropathrin and a-fenvalerate, baseline separation of the enantiomers was obtained on the Chiralcel OD column with n-hexane-2-propanol (100 + 2, v/v) and n-hexane-2-propanol (100 + 6, v/v) as the mobile phase, respectively.
Ôi et al. (19) have reported enantiomeric separations of uniconazole, diniconazole, and fenpropathrin on a Sumichiral OA-4700 column with n-hexane-dichloromethane-ethanol as the mobile phase (100 + 20 + 1, v/v/v, for uniconazole and diniconazole; 500 + 100 + 0.05, v/v/v, for fenpropathrin); for each of the 3 pesticides, the first peak in the chromatogram was assigned to the R-enantiomer (19) . In our study, the separation and collection of the enantiomers of the 3 pesticides were carried out with a Chirex 3020 column and the same respective mobile phases reported by Ôi et al. (19) . Because the Chirex 3020 and Sumichiral OA-4700 columns contain the same stationary phase, the elution orders reported by Ôi et al. (19) were used to assign the elution orders of the 3 pesticides under the chromatographic conditions listed in S-enantiomers; however, the S-enantiomer of fenpropathrin was eluted first on the Chiralcel OD column, which was a reversal of the elution order on the Chirex 3020 column. Because the Chirex 3020 and Sumichiral OA-4700 columns came from 2 different manufacturers, the elution orders determined in the present study need verification.
MSPD Extraction of the Pesticides in Soil and the Recovery Test
The primary purpose of this study was to demonstrate the environmental application of chiral LC. We spiked an ordinary soil sample from north China with the 8 pesticides, extracted the pesticides by MSPD followed by LC quantitative analysis, and finally determined the ER or SR values of these pesticides in the soil.
Calibration curves were generated by plotting peak heights obtained from calibration solutions of each pesticide at levels of 1.00-10.0 mg/mL. The UV response was linear in the concentration ranges of 2.0-8.0 mg/mL for the 3 triazole fungicides and 1.00-10.0 mg/mL for the other pesticides. Correlation coefficients were >0.99 for all 8 pesticides.
Because there are generally many samples in the investigation of environmental pollutants, an analytical method for routine examination must be precise, simple, and economical in cost and time. To improve classical extraction and cleanup techniques, which involve numerous analytical steps and extensive use of organic solvents, a simple and fast MSPD procedure was used in the present study.
Florisil, which is the most frequently used adsorbent in our laboratory for column chromatographic purification in pesticide residue analysis, was selected as the solid phase. Because the moisture content of air-dried soil is much lower than that of vegetables and biological tissues, which are the usual matrixes for MSPD, a certain amount of water must be added to facilitate the preparation of a semidry and apparently homogeneous sample; the added water also deactivates the adsorbent so that the pesticides can be eluted easily.
The amount of added water, the amount of adsorbent, and the polarity and volume of the eluant are the 3 main factors influencing the effectiveness of the final extraction. The most suitable extraction conditions were selected to achieve the highest recovery while most of the interfering matrix compounds were eliminated. In addition, the cost of the experiments was another factor considered. To determine the optimal conditions, phenthoate was selected for the screening experiments. The amounts of water and Florisil were determined first. Various amounts of Florisil and water were added to 4 g soil at a fortification level of 1.0 mg/g to evaluate the MSPD extraction; 6 g Florisil and 3 mL water proved to be optimal. Not only the best recoveries but also the cleanest extracts were obtained with the selected amounts, without the need for an additional purification step.
In this study, n-hexane was selected as the eluant with the addition of ethyl acetate to adjust the polarity. We evaluated different ratios of hexane and ethyl acetate to examine the effect on the extraction. Good results were obtained when the volume ratio was between 10:1 and 4:1. Increasing or decreasing the polarity of the eluant caused more interference or lower recoveries, respectively. The eluant selected was n-hexane-ethyl acetate (7 + 1, v/v). The volume of eluant required was determined by analyzing 3 mL eluate fractions collected during elution; 15 mL solvent was found to be sufficient for extraction, which was much less solvent than required by traditional extraction methods.
For the other pesticides, 6 g Florisil and 3 mL water were also used for extraction. The proportions of n-hexane and ethyl acetate in the eluant were optimized to achieve a satisfactory extraction. Fenpropathrin and a-fenvalerate as well as b-cypermethrin and b-cyfluthrin were studied in pairs, because the quantitative LC silica gel column gave a good separation of the pesticides in each pair; the other pesticides were studied individually. Because the polarity of the paired pesticides was similar to the low-to-moderate polarity of phenthoate, good results were also obtained for the extraction of fenpropathrin, b-cypermethrin, b-cyfluthrin, and a-fenvalerate by collecting 15 mL eluate when n-hexane-ethyl acetate (7 + 1, v/v) was used as the eluting solvent. However, the polarity of the eluant had to be increased to n-hexane-ethyl acetate (1 + 3, v/v) for the 3 triazole fungicides because of their strong polarity. Table 3 summarizes the average recoveries of the 8 pesticides at the fortification level of 1.00 mg/g. Average recoveries were all >75% with relative standard deviations (RSDs) of <6.0% (n = 4). The limits of detection (LODs) for the 8 pesticides in soil were calculated on the basis of 3 times the noise level. The LODs for the 8 pesticides were all £0.05 mg/g (Table 3). Representative liquid chromatograms obtained for spiked soil samples are shown in Figure 4 . Figure 4b shows that the 2 cis and trans geometric isomers of b-cypermethrin and b-cyfluthrin were separated on the LC silica gel column.
ER or SR Values of Pesticides Determined in Soil Samples
Despite the successful application of LC to the enantiomeric separation of pesticides, attention should be paid to the accuracy of ER or SR values. Because of the complexity of environmental samples and their low levels of pesticides, potential errors may occur for various reasons (7, 21) , such as peak distortions caused by inadequate instrumentation, coelution of impurities, and inversion of configuration during chiral separation. Consequently, a chiral analytical method for environmental samples should be highly selective and sensitive and should also be verified carefully. We once tried to inject the MSPD extracts of spiked soil directly into the liquid chromatograph for chiral LC analysis without further cleanup, but the variation in the ERs determined by successive injections was intolerably great, and the baseline was very unstable. The phenomenon got worse and worse as the number of injections increased. These variations were caused mainly by (1) coelution of impurities and the pesticides studied and (2) interference of the strongly retained compounds introduced in previous injections. In view of these factors, the pesticides were then isolated from the remainder of the MSPD extracts by silica-based LC. The environment involved in the isolation procedure was achiral; therefore, in principle, the procedure did not change the ER values of the pesticides.
The sample remaining after quantitative LC was treated and analyzed according to the proposed method. In the case of propiconazole, whose enantiomers we could not separate, no further cleanup procedure was performed, and the SR value (the ratio of the 2 propiconazole diastereomers) was determined directly on the silica gel column. The ER or SR values determined are shown in Table 4 . In comparison with the ER/SR values of the corresponding pesticide standards, the ER or SR values of the pesticides in soil were in very good agreement. Moreover, except for propiconazole, which has a standard diastereomer constituent ratio of 3:4, the determined ERs of the pesticides both in spiked soils and in standard working solutions agree well with the theoretical value of 1.0 within the experimental error limits.
Conclusions
Complete enantiomer separations were achieved within 20 min for all the pesticides studied except propiconazole, for which only the 2 diastereomers were baseline separated. MSPD extraction of these pesticides from soil was also studied in detail. MSPD extraction is a fast and simple procedure that yields extracts suitable for subsequent pesticide residue analysis. Compared with classical time-consuming sample pretreatment techniques, MSPD greatly simplifies and speeds the extraction and cleanup step and shows great promise for environmental application. Finally, a method for enantiomeric determination was successfully developed by using silica-based LC isolation of pesticides from MSPD extracts, followed by chiral LC analysis. In this preliminary report, one soil and one fortification level were used to evaluate the proposed method. However, in the cases of phenthoate and uniconazole, 3 different types of soils (2 alkaline, one acidic) spiked at 3 levels (0.1-10 mg/g) were used. The results have been reported elsewhere (22, 23) ; the recoveries and their RSDs met the requirements of pesticide residue analysis, and the ERs determined for the pesticides in the spiked soils (in the case of phenthoate, both racemic and enantiomer-enriched phenthoate were spiked) were in good agreement with those for the pesticides in the corresponding standard solutions. The proposed method has been successfully applied to the study of the enantioselective degradation of phenthoate in the 3 soils under laboratory conditions (22) . Thus, the methodology combining achiral and chiral LC with the MSPD technique is capable of highly precise stereo-and enantiomeric determination of pesticides in soil and can probably be expanded to other environmental media. 
